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ABSTRACT

Objectives: To conduct a critical review of the current applications, challenges and future directions of three-dimensional bio-
printing (3DBP) in otolaryngology with a focus on surgical education, personalised implants and regenerative medicine.
Design: Expert opinion based on a targeted literature review and clinical experience.

Setting: Translational research relevance of academic otolaryngology.

Main Outcome Measures: Assessment of bioprinting approaches and new materials, anatomical accuracy, overcoming limita-
tions by pairing with enhanced technology as virtual and augmented reality.

Results: 3DBP is fast becoming an asset to otolaryngology. These stereolithography (SLA) models facilitate the use of high-
fidelity temporal bone models for surgical simulation and training. Functional outcomes of patient-specific implants for ossic-
uloplasty and cochlear implantation are promising, albeit mostly in preclinical settings. Educators have turned to virtual and
augmented reality platforms to improve classroom experiences. But significant hurdles remain, including biocompatibility, the
cost of high-resolution technologies and regulatory impediments to clinical translation.

Conclusion: Numerous studies have reported on the transformative potential of 3DBP for surgical planning, education imple-
mentation of personalised treatment in otolaryngology. A balanced assessment of both its current limitations and future promise
is essential for ethical integration. The translation of this technology into routine practice will require multidisciplinary collabo-
ration and rigorous validation through clinical trials.

Level of Evidence: V.
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Summary

+ 3D bioprinting of high-fidelity anatomical models
improves surgical teaching and preoperative plan-
ning in complex otologic surgery, while stereolithog-
raphy can recreate the temporal bone down to the
millimetre.

While still in its early stages, the use of patient-specific
implants for ossicular chain reconstruction and coch-
lear implantation is a potential area for enhanced
outcomes for patients with conductive hearing loss
through tailored treatments.

The integration of 3D bioprinted models with virtual/
augmented reality platforms can provide immersive
learning environments that likely speed the acquisi-
tion of surgical skills and improve intuitive compre-
hension of complex anatomical relationships.

Significant barriers to widespread clinical implemen-
tation exist, including concerns about biocompatibil-
ity and long-term stability of implantable constructs,
significant economic challenges for high-resolution
technologies and regulatory hurdles.

The establishment of standardised bioprinting pro-
tocols and corresponding validation pathways will
necessitate multi-centre collaboration of otolar-
yngologists to enable bioengineers and material
scientists to provide the evidence base for clinical
translation.

1 | Introduction

Otolaryngology poses a unique challenge due to the complexity
and compactness of head and neck anatomy for surgical prac-
tice and education. In challenging anatomical areas, such as the
temporal bone, middle ear and skull base, this spatial under-
standing and surgical skill development are often insufficiently
represented in traditional training models and imaging-based
preoperative planning.

The 3DBP, an additive manufacturing technique, has the po-
tential to revolutionise the generation of patient specific, high-
fidelity anatomical models and implantable constructs. These
models enable procedural simulation, surgical training and
even tissue regeneration. In otologic surgery, stereolithographic
models have been used to improve mastoidectomy training and
have shown sub-millimetre accuracy in replicating the ossicular
chain [1, 2].

Individualised 3D-printed prostheses have been used success-
fully in ossiculoplasty and cochlear implantation and both func-
tional and anatomical comparability to native structures has
been shown [3-5]. However, other grafts and hydrogel-based
scaffolds are still being investigated for tympanic membrane re-
pair and bone regeneration, suggesting an inevitable paradigm
shift in reconstructive otologic care [6-9].

Undeniably, important limitations remain despite these ad-
vances. These elements hinder its routine clinical application

due to limitations in biocompatibility, resolution, regula-
tory and cost issues [10, 11]. Moreover, although virtual and
augmented reality (VR/AR) integrations of various 3D mod-
els have been demonstrated, especially improving surgi-
cal education [12, 13], their general usability has yet to be
established.

This viewpoint seeks to summarise current 3DBP applications
in otolaryngology, highlight exciting areas of promise and dis-
cuss challenges that need to be overcome for safe and effective
clinical integration.

2 | Methods
2.1 | Design

This manuscript is a narrative Viewpoint article using a targeted
literature search, supplemented by clinical experience. The goal
of this review was to examine the current and potential clinical
applications of 3DBP in the field of otolaryngology, specifically
focusing on its use in surgical education, patient-specific im-
plants and tissue engineering.

2.2 | Setting

An academic otolaryngology and translational research envi-
ronment was used for this review, which illustrates the inter-
disciplinary relationship between surgical subspecialists and
biomedical engineers.

2.3 | Participants

There was no human subject participants involved directly. This
study is a constituent part of a systematic review based on an
analysis of previously published studies and does not report
original patient data or interventions.

2.4 | Main Outcome Measures
The co-primary outcomes of interest were
« Overall influence of 3D bio-printing in otolaryngologic clin-
ical practice
« Accuracy and verification of anatomical models
« Application of 3DBP in surgical preparation and teaching

« Implications for regenerative medicine and implantable
constructs

2.5 | Reporting Guideline

Preparation of this manuscript was guided by PRISMA-ScR (the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses extension for Scoping Reviews) and the COA guide-
lines for literature-based Viewpoint articles.
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3 | Results
3.1 | 3D Bioprinting in Surgical Education

3D bioprinting has revolutionised surgical training in otolaryn-
gology by allowing for the development of inexpensive, anatom-
ically correct models. SLA has been used to create high-fidelity
temporal bone models suited for mastoidectomy and middle
cranial fossa simulations [1, 14]. Comparable tactile and spatial
nature of feedback is offered by way of these models [15], which
can be utilised, along with traditional dissection techniques, to
further develop procedural preparedness (Table 1) Freiser et al.
demonstrated the educational benefits of consumer-grade SLA
models with sub-millimetre resolution [1].

Custom 3D-printed simulators have also helped middle ear
training. Models for ossiculoplasty [16], stapedotomy [17] and
tympanic membrane repair [6, 7] enhance procedural prepa-
ration and spatial comprehension. More sophisticated designs,
including embedding the facial and cochlear nerve pathways,
deliver near-clinical fidelity [18] (Figure 1).

Bioprinted models, when combined with VR/AR environ-
ments, improved learning methods with surprising positive
outcomes. Frende et al. Cochlear implantation training en-
hanced with VR simulation adhered to printed models [12].
Applications on digital anatomy platforms and holographic
interfaces have emerged in parallel [11, 13].

3.2 | Patient-Specific Guides and Implants

One of the main clinical applications of 3D bioprinting is with
custom implants. In cadaveric studies, SLA-produced patient-
specific ossicular prostheses using UV-cured resins exhib-
ited similar mechanical properties to native ossicles [3, 4].
Markodimitraki et al. validated patient-specific cochlear im-
plant templates that increased surgeon accuracy [5].

Based on this data, Della Volpe et al. reported on transcutane-
ous Bonebridge implant placement guided by individualised 3D

skull models and its impact on air-bone gap closure in patients
with severe atresia [19]. Similarly, patient-adjusted models have
been utilised to orient safe surgical corridors in the context of
paediatric cochlear surgery [14]. Both methods minimise com-
plications and make anatomic placement easier.

3.3 | Regenerative Engineering and Emerging
Biomaterials

Bioprinting is finding use also in regenerative applications via
scaffold-based tissue engineering. De Angelis et al. showed the
efficacy of poly(e-caprolactone)-based composites in bone re-
generation [8], whereas Shehzad et al. devised dual-crosslinked
gelatin-based hydrogels with 90% cell viability, a good candidate
for otologic scaffolds [9].

Freeman et al. published on positionally controlled release of
growth factors from bioactive constructs for directed tissue re-
pair [14]. Multi-material constructs, as shown by Rienas et al.,
allow for simultaneous modelling of both soft and hard tissue
in a single framework [15]. Collagen, GeIMA and tricalcium
phosphate are among the materials yet to be tested for tympanic
membrane and ossicular replacement [20-22].

Clinical applications are in early stages, yet advances in ma-
terial science, as described by Lan et al. and Li et al. suggest
wider potential for auricular and vocal fold reconstruction
[22, 23]. In addition, pioneering studies from Murphy,
Kang and Gungor-Ozkerim remain fundamental for the
field's progression towards biologically functional implants
[10, 20, 24, 25].

4 | Discussion

The 3DBP is quickly converting from an experimental modal-
ity to a clinic-ready platform in otolaryngology. This review
serves to confirm its multifaceted applications in surgical sim-
ulation, tailored surgery and regenerative applications in early
studies. 3DBP differs from traditional 3D printing because of

[ 3D Bioprinting in Otolaryngology ’
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FIGURE1 | Conceptual map describing 3D bioprinting potential application and limits.
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its ability to integrate living cells, bioactive molecules and cus-
tomised biomaterials within clinically significant constructs
[20, 24].

4.1 | Strengths and Limitations

One of the most significant areas of 3DBP application in otolar-
yngology is teaching, in particular, enhanced surgical teaching.
SLA-printed temporal bones and middle ear models are useful
adjuncts for skill acquisition in cadaveric and simulation studies
[1, 14, 16, 18]. But it will not take over anytime soon. Preclinical
or in vitro models are common, with only a few exceptions
[6-8]. Although functional validation has been reported for os-
sicular prostheses [3] and surgical guides [4, 5], there are few
high-quality, longitudinal data of clinical outcomes.

Another significant limitation pertains to standardisation.
Across studies, the technologies differ in resolution, materi-
als and validation methods, making it challenging to compare
across studies. This heterogeneity underlines the necessity for
common performance standards and standardised manufactur-
ing routes. Many of the reported designs remain unresolved by
respect to biocompatibility and reproducibility [9-11].

4.2 | Comparisons to Existing Work

In contrast to previous reviews that abstracted across surgical
disciplines, this article highlights otolaryngology-specific inno-
vations, including seminal research on cochlear implant guides
[5], ossiculoplasty models [16, 17] and temporal bone simulation
[1, 15]. ENT applications are still at an earlier stage of transla-
tion than those seen in dental and orthopaedic specialties. Still,
multi-material strategies like the one discussed in Rienas et al.
and Freeman et al. indicate that the field of otolaryngology
is starting to integrate more advanced tissue modelling ap-
proaches [14, 15].

4.3 | Clinical Applicability and Generalisability

Training models are instantly transferrable between teaching
centres. Their cost-effective and repeatable nature lends itself
well to resident education and preoperative planning. In con-
trast, with their limited generalisability to routine interventions,
patient-specific implants are better suited to complex, anatomi-
cally variable cases today, such as paediatric cochlear implanta-
tion or congenital atresia [13, 15, 19].

Regenerative medicine applications as vocal folds or auricular
reconstruction are promising but require scalable production
methods and clinical-grade validation [22, 23]. The bioprinted
scaffolds produced by De Angelis and Shehzad are an important
first step towards this [8, 9].

5 | Conclusions

Three-dimensional bioprinting has transformative poten-
tial in otolaryngology, enabling advances from high-fidelity

anatomical models for surgical training to personalised im-
plants and regenerative solutions. It complements immersive
technologies like VR/AR for enhanced educational engagement
and spatial awareness. However, clinical translation is hindered
by issues related to biocompatibility, cost, manufacturing
resolution and regulatory oversight. As this field continues to
grow, we need to have a balanced approach—one that encour-
ages evolution but perhaps with a dose of realism in terms of
what is possible right now. Advancements will rely on contin-
ued cross-disciplinary cooperation between otolaryngologists,
bioengineers and material scientists. Future work is needed to
formulate standard protocols that validate outcomes through
clinical studies while introducing 3DBP into routine care prac-
tices in a responsible manner that will maximise surgical preci-
sion and patient outcomes.
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